Titaniums Having Excellent Impact Resistance and 
Manufacturing Methods 

BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 
[0001] This invention relates to titaniums having excellent 
impact resistance and its manufacturing method. Here, impact 
resistance is a property to stand impact applied from outside. 
Impact resistance is required of materials protecting human 
bodies or important products, wholly or partly, such as shields, 
helmets and bulletproof vests. 

DESCRIPTION OF THE PRIOR ART 
[0002] High-strength alloy steels and titanium alloys with 
high specific strength are used for products requiring high 
impact resistance, with a view to achieving weight savings. To 
attain this goal, warm or hot forming and low-speed forming have 
been employed. 

SUMMARY OF THE INVENTION 
[0003] Although the conventional processes described above 
improve formability, production efficiency is not high because 
processes to heat, keep the desired temperature, or descale 
after forming are involved. Besides, titanium alloys are more 
expensive than ordinary pure titaniums because vanadium, 
molybdenum or other alloying elements are added. 

Although, in addition, titanium alloys have high strength, 
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they do not have good impact resistance to high-speed impacts. 
[0004] In order to eliminate the above shortcomings, an 
object of this invention is to provide pure titaniums having 
higher impact resistance than the conventional ones and a method 
for manufacturing such titaniums. 

Another object of this invention is to provide pure 
titaniums with higher impact resistance and methods for 
manufacturing such titaniums at low cost. 

Other objects of this invention are explicitly described 
in the following. 

[0005] The studies made by the inventors to achieve the above 
objects led to a discovery that titaniums having excellent 
impact resistance can be obtained by controlling the quantities 
of oxygen, nitrogen and carbon contained in titaniums and 
applying work-hardening . 

[0006] The titaniums according to this invention having an 
excellent impact resistance have a feature that the total 
content (S) of the contents of (0 + N + C) is between 0.04 and 
0.27 mass percent, the iron concentration is not greater than 
0.1 mass percent, with the balance consisting of titanium and 
unavoidable impurities, and the Vickers hardness Hv* in 
the-sectional area satisfies one of the following equations (1) , 
(2) and (3) : 

When 0.04 < S < 0.09 (mass percent) 

150 < Hv* < 400 x S + 175 (D 



When 0.09 < S < 0.20 (mass percent) 

510 x S + 104 < Hv* < 400 x S + 175 (2) 

When 0.20 < S < 0.27 (mass percent) 

510 x S + 104 < Hv* < 255 (3) 

wherein S : [O] + [N] + [C] (mass percent) 

Hv* : Vickers hardness in the cross-sectional 

area of the work-hardened product 

[0007] A method for manufacturing the above titaniums 

O according to this invention comprises applying preliminary 

ypi working prior to forming so that the Vickers hardness Hv* in 

^ the cross-sectional area of the formed material satisfies one 

W 

# of the equations (1), (2) and (3) described above. 

nJ 

JL* The titanium before the application of preliminary 

U 

working may be in any condition; i.e., as hot-rolled or 

t otherwise hot-worked, as cold-rolled or otherwise cold-worked, 

W 

or annealed after such hot- or cold-working. 

[0008] Another method for manufacturing the above titaniums 
according to this invention comprises applying, as said 
preliminary working prior to forming, rolling or leveling or 
both of them using rolls in a direction perpendicular to the 
direction of hot- or cold-rolling so that the Vickers hardness 
Hv* in the cross-sectional area of the formed material satisfies 
one of the equations (1), (2) and (3) described above. 
[0009] Still another method for manufacturing the above 
titaniums according to this invention comprises applying 
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annealing before or during forming so that the Vickers hardness 
Hv* in the cross-sectional area of the formed material satisfies 
one of the equations (1), (2) and (3) described above. 
[0010] Oxygen, nitrogen and carbon are ordinary components 
of industrial pure titaniums contained usually in the range of 
0.04 to 0.4, 0.01 to 0.02 and 0.001 to 0.02 mass percent 
respectively. This invention controls the contents of the 
oxygen, nitrogen and carbon not individually but in terms of 
the total content (S) . 

[0011] Here, preliminary working is a step indispensable to 
this invention that plays an important role in imparting the 
desired impact resistance to formed products. This step 
comprises cold rolling or leveling hot-rolled, hot- and 
cold-rolled, or hot- and cold-rolled and annealed sheets. The 
rate of cold reduction in preliminary working is not more than 
70 percent or preferably between 10 and 50 percent. Leveling 
is applied using a tension leveler or a bending leveler. 

Preliminary working is not limited to cold rolling and 
leveling. Forging and other method are also applicable. 
Although, a temperature near room temperature is preferable to 
preliminary working, with the prevention of oxidation in mind, 
there is no need to limit the temperature range. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0012] Fig. 1 shows the relationship between the total 
content (S) of oxygen, nitrogen and carbon, Vickers hardness 



Hv* in the cross-sectional area after work-hardening, and 
impact resistance obtained in a drop-weight test. 

DETAILED DESCRIPTION OF THE INVENTION 
[0013] Fig, 1 shows the range of concentration (S = [O] + 
[N] + [C] in mass percent) and the range of Vickers hardness 
(Hv*) in the cross-sectional area after work-hardening 
according to this invention. The impact resistance shown in 
Fig. 1 was evaluated from the results of a drop-weight test in 
which a weight weighing 60 kg and having a projection (2mm R 
and 4 mm diameter x 20 mm high) at the lower end thereof was 
dropped from a height of 1.5m. The specimens were 3 . 3 mm thick 
sheets roller-bent with a radius of 150R, whereas the weight 
was dropped to strike the protruding side of the curved 
specimens . 

[0014] The titanium specimens subjected to the above test 
were prepared and controlled as descried below. 

First, titaniums of different compositions were 
hot-rolled to 3 . 3 mm thick sheets . Some of the sheets were also 
cold-rolled and annealed. All sheets thus obtained were 
subjected to preliminary working by cold rolling with varying 
reduction ratios (0 to approximately 70 percent) and formed by 
roller bending to a curvature of 150R. 

The bending machine used for roller bending had rolls 
arranged in a zigzag fashion. Annealing in a high vacuum 
softened some of the bent specimens. 



[0015] Thus, the test specimens had varying compositions, 
worked and annealed in varying fashions, and had varying Vickers 
hardness in the cross-sectional area. They were either 
as-formed or as-annealed, all having metallic colors without 
oxide scale on the surface. 

[0016] The regions struck in the drop-weight test described 
earlier were visually observed and classified into three types: 
the projection on the weight penetrated (T) , the projection 
on the weight did not penetrate but produced crack (A) , and 
the projection on the weight did neither penetrate nor produced 

kQ crack (O) . 

y(3 [0017] Fig. 1 was obtained by plotting the specimens on which 

the projection on the weight did not penetrate (A and O) . An 
enclosed region in Fig. 1 can be expressed by equations (1), 
(2) and (3) . That is, no penetration occurred when the total 
concentration S of oxygen, nitrogen and carbon, which have 
relatively great effects on hardness, and Vickers hardness Hv* 
in the cross-sectional area are in the ranges defined by the 
following equations (1), (2) and (3) . Accordingly, it was found 
that 

When 0.04 < S < 0.09 (mass percent) 

150 < Hv* < 400 x S + 175 (1) 
When 0.09 < S < 0.20 (mass percent) 

510 x S + 104 < Hv* < 400 x S + 175 (2) 
When 0.20 < S < 0.27 (mass percent) 
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510 x S + 104 < Hv* < 255 (3) 
[0018] Above the region defined by equations (1), (2) and 
(3) , work-hardening is excessive and ductility is insufficient, 
as a result of which the specimens whose S and Hv* are not inside 
the enclosed region cannot change their shape when subjected 
to impact. Then, crack occurs and propagates, thereby allowing 
the weight to penetrate into the specimen. Below the region 
defined by equations (1), (2) and (3), on the other hand, 
work-hardening is insufficient to build up enough deformation 
resistance in the specimen. The resulting localized 
deformation leads to the penetration of the weight. In the 
titaniums according to this invention, therefore, the total 
concentration S of oxygen, nitrogen and carbon (mass percent) 
and Vickers hardness Hv* in the cross-sectional area after 
work-hardening are confined to those defined by equations (1) , 
(2) and (3) . 

[0019] Keeping the total concentration S of oxygen, nitrogen 
and carbon below 0.04 mass percent requires greater 
purification in smelting and vacuum melting than ordinary 
industrial pure titaniums do. As such greater purification is 
costly, the total concentration S in the titaniums according 
to this invention is limited to 0.04 mass percent or above. 

If the total concentration S exceeds 0.27 mass percent 
and the iron concentration exceeds 0.1 mass percent, 
application of work-hardening does not provide any significant 



improvement in impact resistance. Besides, titaniums become 
so hard that cold working and forming become difficult. 
Therefore, the total concentration S and the iron concentration 
in the titaniums according to this invention are limited to not 
more than 0.27 mass percent and not more than 0.1 mass percent, 
respectively . 

[0020] The same drop-weight test was applied to two titanium 
alloys Ti-3Al-2 . 5V and Ti-15V-3Cr-3Sn-3Al of the same thickness 
and shape as those of the specimens described earlier. All 
specimens of both titanium alloys developed cracks, though some 
were penetrated and some were not. Accordingly, the impact 
resistance of the titaniums according to this invention is 
considered to be equal to or greater than that of ordinary 
titanium alloys. 

[0021] According to this invention, as is obvious from the 
above, titaniums with impact resistance equal to or greater than 
that of titanium alloys can be obtained by a relatively simple 
method that attains cold workability by limiting the 
concentrations of oxygen, nitrogen, carbon and iron contained 
in pure titanium and controls Vickers hardness in the 
cross-sectional area of work-hardened titaniums to within the 
desired range. 

[0022] Cold working or leveling applied as preliminary 
working is applied in a direction perpendicular to the direction 
of previous rolling. For example, a rolled or an annealed strip 



8 



is cut into a sheet of appropriate size and cold rolling is 
applied as a preliminary working in a direction perpendicular 
to the direction in which the strip was rolled. This 
perpendicular cold rolling reduces the anisotropy of the 
titanium sheet and thereby improves its press-f ormability and 
impact resistance- Thus it is preferable for the titaniums of 
this invention to have rolling or leveling, by means of rolls, 
applied in a direction perpendicular to the direction of 
preceding hot- or cold-rolling, as a preliminary working to the 
sheet to be formed. 

If, in addition, it is necessary to control the Vickers 
hardness Hv of the final product, annealing may be applied in 
the course of the forming process, at 350 to 700°C for 10 minutes 
to 2 hours, preferably at 400 to 600°C for 1 to 2 hours. 

EXAMPLES : 

[0023] Now the effect of this invention will be described 
by reference to some embodiments of this invention. 

Tables 1 and 3 show the compositions and Vickers hardness 
in the cross-sectional area of titaniums prior to preliminary 
working, while Tables 2 and 4 show the shape, combinations of 
preliminary working, forming and annealing (the rate of 
reduction and direction of preliminary cold rolling and 
conditions of annealing) , Vickers hardness Hv* in the 
cross-sectional area of products (after work-hardening) and the 
condition of the regions struck in the drop-weight test. 



The Vickers hardness in the cross-sectional area as used 
here is the mean value of the values measured at five each points 
in the direction of rolling (direction L) and the direction 
perpendicular thereto (direction C) at half and one-fourth the 
thickness of the specimens, twenty points in total. The load 
applied in the test was 9.8N (1 kgf ) . 

[0024] The titaniums shown in Tables 1 and 3 were prepared 
as described below. First, titaniums of varying compositions 
were hot-rolled so that final products would have a thickness 
of 3.3 mm. Some of the sheets were further cold-rolled and 
annealed. Then, the sheets were subjected to preliminary 
working consisting of cold rolling of varying degrees (0 to 
approximately 70 percent) and, then, formed with a radius of 
150R by roller bending. The cold rolling was applied in the 
same direction as that of strip rolling and the direction 
perpendicular thereto. The bending machine used for roller 
bending had rolls arranged in a zigzag fashion. Some of the 
bent specimens were annealed in a high vacuum, either at the 
end or in the middle of forming. All specimens thus prepared 
had metallic colors without oxide scale on the surface. 
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[0025] Specimens Nos . 1, 5, 8, 9, 13, 16, 19, 23, 26, 29 to 
33, and 45 in Tables 1 to 4 were tested for the purpose of 
comparison. While the total concentration S of oxygen, 
nitrogen and carbon and the iron concentration were all within 
the range of this invention, Vickers hardnesses Hv* in the 
cross-sectional area were outside the range of this invention. 
In the drop-weight test, harder titaniums with excessive 
work-hardening and insufficient ductility failed to deform 
under impact, with the resulting crack propagating to allow the 
penetration of the falling weight. Softer titaniums with small 
impact resistance, on the other hand, developed localized 
deformation leading to the penetration of the falling weight. 
[0026] By comparison, embodiments Nos. 2 to 4, 6, 7, 10 to 
12, 14, 15, 17, 18, 20 to 22, 24, 25, 35, 38 to 45, and 47 had 
the total concentration S of oxygen, nitrogen and carbon, iron 
concentration and Vickers hardness Hv* in the cross-sectional 
area after work-hardening in the ranges according to this 
invention. With the application of appropriate work-hardening, 
the embodiments of this invention did not allow the penetration 
of the falling weight in the drop-weight test. The impact 
resistances of the embodiments proved to be equal to or greater 
than those of specimens Nos. 47 and 48 of titanium alloys 
comprising Ti-3A1-2.5V and Ti-15V-3Cr-3Sn-3Al . 
[0027] The total concentrations S of oxygen, nitrogen and 
carbon in specimens Nos. 27, 28 and 34 tested for comparison 
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were in excess of 0.28 mass percent and above the range of this 
invention. The iron concentrations in specimens Nos. 3 6 and 
37 were in excess of 0.15 mass percent and also above the range 
of this invention. The results of the drop-weight test on the 
above specimens showed little sign of improvement in impact 
resistance by work-hardening. 

[0028] The total concentrations S of oxygen, nitrogen and 
carbon, iron concentrations, and Vickers hardnesses Hv* in the 
cross-sectional area after work-hardening in specimens Nos. 38 
to 41 to which a combination of preliminary working and 
annealing was applied prior to bending and specimens Nos. 40 
to 44 to which cold rolling was applied perpendicular to the 
rolling direction of the strip were within the ranges according 
to this invention. With application of appropriate 
work-hardening, the above specimens did not allow the 
penetration of the falling weight in the drop-weight test. 
[0029] Cold rolling was applied in the same direction as the 
direction of rolling of the strip to specimen No. 14 and 
perpendicular to the direction of rolling of the strip to 
specimen No. 46. Both specimens were subjected to cold rolling 
immediately before bending with a reduction ratio of 10 percent 
and had substantially equal hardnesses. Although both 
specimens did not allow the penetration of the falling weight 
in the drop-weight test, crack developed in specimen No. 14 to 
which cold rolling was applied in the same direction as the 
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direction of the rolling of the strip and not in specimen No. 
46 to which cold rolling was applied perpendicular to the 
direction of rolling of the strip. Thus, specimen No. 46 had 
a greater impact resistance than specimen No. 14. 
[0030] As described above, this invention provides titaniums 
having excellent impact resistance and methods for 
manufacturing such titaniums by attaining good cold workability 
by controlling the concentrations of oxygen, nitrogen, carbon 
and iron contained in ordinary pure titaniums in the desired 
range, applying combinations of preliminary working and 
annealing before or during the forming process, and controlling 
the Vickers hardness in the cross-sectional area to the desired 
range according to the concentrations, without adding aluminum, 
molybdenum, vanadium or other alloying elements. 
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